The nucleotide sequence of the gene coding for the 18S ribosomal RNA of maize mitochondria has been determined and a model for the secondary structure is proposed. Dot matrix analysis has been used to compare the extent and distribution of sequence similarities of the entire maize mitochondrial 18S rRNA sequence with that of 15 other small subunit rRNA sequences. The mitochondrial gene shows great similarity to the eubacterial sequences and to the maize chloroplast, and less similarity to mitochondrial rRNA genes in animals and fungi. We propose that this similarity is due to a slow rate of nucleotide divergence in plant mtDNA compared to the mtDNA of animals. Sequence comparisons indicate that the evolution of the maize mitochondrial 18S, chloroplast 16S and nuclear 17S ribosomal genes have been essentially independent, in spite of evidence for DNA transfer between organelles and the nucleus.
INTRODUCTION
Ribosomal RNAs (rRNAs) and the DNA sequences that code them, have been studied actively by molecular biologists to learn about the regulation and functions of rRNA genes. These RNAs are essential components of the translational machinery and their functions have been highly conserved over at least a billion years. Comparisons of ribosomal RNA sequences from diverse organisms provide insight into ancient evolutionary relationships.
In addition, comparative sequence analysis is a powerful approach toward understanding rRNA structure and mechanisms of the translation process.
The rRNAs of plant mitochondria are of particular interest because they are substantially different from those of animal and fungal mitochondria. The rRNAs of animal mitochondria are 16S and 12S, while those of yeast are 21S and 15S (1) (2) (3) . In contrast, the corresponding rRNAs of plant mitochondria are larger, 26S and 18S. Plant mitochondrial ribosomes contain a 5S RNA which is not present in any other mitochondria.
Moreover, the organization of the ribosomal genes in plant mitochondria is unique. The 5S and 18S genes are closely linked, while the 26S gene is located at a greater distance (4) (5) (6) ).
This organization is also different from that of eubacteria and chloroplasts which have clusters of ribosomal genes in the order 16S-23S-5S (7, 8) or from eukaryotic nuclei where the 5S genes are organized in separate clusters of tandem repeats (9) . In this report, we present the sequence of the 18S rRNA gene from maize mitochondria and propose a secondary structure for the RNA molecule. In addition, we have compared the 18S maize sequence with other small subunit rRNA genes to explore evolutionary relationships.
MATERIALS AND METHODS
Origin of cloned fragments
The 18S ribosomal RNA gene examined in this study was derived from normal maize cytoplasm (Zea mays L.). The original BamHI clone of the 18S gene (ZmmtN542) has been described previously (10, 11) . The gene was identified by hybridization with 18S rRNA purified on agarose gels under denaturing conditions. Methods of purification, labelling and hybridization have been described (11) .
Restriction analysis
The restriction map was constructed by single and double digests. The subclone 542-2 contains a large internal PstI fragment of 542 and covers most of the 18S gene. Length estimation for restriction mapping used the function of Southern (12).
Sequencing strategy
The 542 clone or subclone 542-2 was digested with TaqI, Sau3A or Haelll and cloned into M13 using vectors mp7, mp8 or mp9 (13) . DNA sequencing was done using the dideoxy chain termination method (14, 15) . Methods of electrophoresis and autoradiography were previously described (11) .
Overlapping clones were detected from nucleotide sequence information. The complete sequence for both strands has been determined.
Dot matrix analysis
Sequences of the maize 18S rRNA gene and other small subunit rRNAs were compared on a dot matrix computer program provided by M. Edgell (UNC Chapel Hill). The program allows variation in the length of similarity of sequence needed to register a line, and variation in the percent of similarity acceptable for the defined length. We selected a criterion of 20 for length and a percent match of 75 (15/20) .
The diagonal lines from the dot matrix were used to align sequences for detailed comparisons and as an aid in the analysis of secondary structure.
To estimate the similarity of two complete sequences, we used the alignment length of the dot matrix by summing the lines along the diagonal, and correcting for overlapping noncontinuous lines. The alignment length was divided by the average length of both sequences being compared. The percent similarity was used to establish a similarity matrix. 0  400  800  1200  1600  2000  2400  2800  I  I  I  I  I  I  I  -1 (c) Detailed restriction sites on the fragment described in (b). The sites where Sau 3A has cut at GATT or GGTC sequences is denoted by *. (d) Sequencing strategy of the fragment described in (b). Sequences were read from the cloning site to the positions indicated by arrows. The complete sequence was determined for both strands.
The position of adjacent clones has been determined from overlapping sequences obtained from clones cut with a different enzyme. In maize mtDNA, restriction mapping and hybridization analysis of cloned fragments have shown that the rRNA genes are located 16 kb apart (5,6) (Fig. la) . The 18S and 26S rRNA genes of the maize mitochondrial genome are present only once in contrast with wheat which has several copies (17) . The 5S mt rRNA gene is closely linked to the 18S rRNA gene in several higher plants (18) . In maize mtDNA, the distance between the 18S and 5S rRNA genes is about 108 bp and both genes are transcribed in the same direction (11) . We have carried out a detailed restriction analysis of the 18S and 5S region in connection with nucleotide sequencing (Fig.   lb) . Two BamHI clones containing the rRNA genes have been isolated: the 26S rRNA gene is contained in a 14.7 kb fragment (N625-2), and the 18S and 5S genes are contained in a 16.6 kb fragment (N542) (Fig. la) .
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Sequence analysis of the 18S rRNA gene
Using the plasmid clone N542 and subcloned fragments in M13, we have determined the nucleotide sequence of the 18S rRNA gene. The dideoxynucleotide sequencing procedures of Sanger (14, 15) were used with overlapping Taq 1, Sau 3A and Hae III cloned fragments ( Fig. lc and Id).
The entire sequence is 1968bp (Fig. 2) . The sequence was obtained for both strands, and the strand equivalent to the RNA transcript is presented. The G + C content of the rRNA gene is 54%, while the average G + C content of the mitochondrial genome is 47% (19) . The location of the ends of the gene have been presented based on comparison with the rRNA sequences determined for the ends of wheat mitochondrial 18S rRNA (20, 21) . Consequently, the location of the ends of the maize mitochondrial 18S RNA sequence is provisional. The sequence of the mitochondrial 5S rRNA gene and its flanking regions has been published separately (11).
3. Secondary structure of 18s rRNA from maize mitochondria.
Comparison of the secondary structure of ribosomal RNAs is a useful method for investigation of functional sites in ribosomes and the evolution of the translational machinery. Comparative analysis of primary structure is a reliable and established approach for determination of RNA secondary structure (16, 22) . Such methods have been used to propose and refine the secondary structure of many ribosomal genes, particularly for the 5S and the 16S rRNAs.
Three different secondary structures have been proposed for the 16S rRNA of E^ coli, and all agree to a first approximation. We have used the model of Woese e^t jjl. (16) with minor modifications to establish a secondary structure model for the maize mitochondrial 18S sequence (Fig.   3 ). We have chosen E^_ coli as a model because of the high degree of sequence similarity between the sequences, and because the E^ coli secondary structure was established by comparative sequence data and by a variety of protection or accessibility experiments (16,23).
The secondary structure, which we propose, has a great deal of similarity with that of E^ coli due to apparent conservation of sequence, and compensatory changes in regions of sequence variation (Fig. 4) . The secondary structure we propose contains most of the major features sequence similarity was estimated from the length of aligned sequence in the dot matrix analysis. We have summed the length of non-overlapping aligned sequences and divided by the average length of the sequences being compared. When calculated by this method, the overall similarity of these sequences is 64%. If the 359 bp gap is excluded, the similarity is 70%.
Excluding all gaps, and calculating homology on aligned regions alone gives a value of 81%. Because homology is not uniform within an aligned sequence and often exceeds 75%, this method of calculation might tend to underestimate similarity. Because the dot matrix includes regions with 75% similarity, the percent of alignment length can be higher than the exact nucleotide similarity. However, we have compared this result with an alternative method of calculation which depends on an alignment derived from the secondary structure. When this alignment is used to calculate a more precise estimate of similarity based on the total sequence, the value obtained is 61%.
5.
Comparison of maize mt 18S rRNA sequence with 15 other small subunit rRNA sequences.
We have used the dot matrix technique to contrast the sequence of the . Principal coordinates analysis of some small subunit rRNAs. The genetic distance of maize mt 18S rRNA gene with small subunit rRNA gene of animal mt, fungal mt, prokaryotes and nuclear is estimated by principal coordinates analysis. The first principal coordinate accounts for 38% of the total variation and the second principal coordinate accounts for 31%. Fig. 6B . Principal coordinates analysis of the maize 18S rRNA with chloroplast 16S sequences. The genetic distances of maize mt 18S and chloroplast 16S sequences from four species are compared with the 16S sequences of E^ coli and P^_ vulgaris. The first principal coordinate accounts for 63% of the total variation and the second principal coordinate accounts for 28%.
18S rRNA of maize mitochondria with that of mitochondrial small subunit rRNAs of bovine (25) , human (1), mouse (2), yeast (26) and Aspergillus nidulans (27) . Three nuclear 18S rRNA sequences have been obtained from yeast (28) Xenopus laevis (29) and maize (52) . In addition we have compared the 16S rRNA sequences of the eubacterium Proteus vulgaris and the archebacterium Halobacterium volcanii (30, 31) . Lastly, we have compared the sequence of maize, tobacco, Chlamydomonas reinhardtii and Euglena gracilis chloroplast 16S rRNAs (32) (33) (34) (35) with that of maize mt 18S rRNA. To compare these sequences with the maize 18S sequence we have drawn the diagonals from dot matrix plots aligned against the maize mt sequence (Fig.  6 ). When all of these sequences are compared with the maize sequence, regions of similarity common to many species are observed (Fig. 6) . The lengths of similar sequence and the number of similar regions varies. We have divided the molecule into 10 regions (Fig. 6 ). Some sequences within regions III, IV, V and X are similar among all sequences analyzed. These regions are located in the central and 3' end of the gene. Region VIII is present in most of the genes except those of animal mitochondria. The Estimation of genetic distance between small subunit rRNAs.
In order to explore the evolutionary position of plant mitochondrial genomes, we have compared our sequence with 25 published sequences of other small subunit ribosomal RNAs. We have used the alignment length from our dot matrix analysis to evaluate the sequence similarity in all combinations. The resulting similarity matrix (Table 1) can then be used to estimate the sequence identity (Fig. 6 ) or genetic distance.
We have estimated the relationships of all 16 sequences using principal coordinates analysis (36) (37) . The similarity between different sequences is presented in a two-dimensional plot using the first two principal coordinates as the axes. The clustering of sequences indicates greater similarity. The relationships of the chloroplast, bacterial and plant mitochondrial sequences are better visualized when analysed separately (Fig. 6B) .
The results indicate a high degree of similarity between sequences of the eubacteria, chloroplasts, and plant mitochondria. The striking result, supported by previous data, is the distance between the fungal mitochondria, animal mitochondria and that of the 18S rRNA maize mitochondrial sequence. The extent of divergence within mitochondria is far greater than the divergence observed between bacterial genes, or between chloroplast genes or between nuclear genes. The extent of divergence among the mammalian mitochondrial genes, which have diverged within about 80 million years (44) , is very high and is comparable to that between nuclear 18S genes of yeast, maize and Xenopus, or between Ej_ coli and chloroplasts, all genomes that are thought to have diverged in the Precambrian ( > 600 million years). Nucleotide divergence in mitochondrial genes is 6 to 10 fold higher than nuclear genes in mammalian systems (44, 45) . This effect is also apparent in comparison of sequences of the small subunit ribosomal genes in animal mitochondria (Table 1) which vary by the same degree as the yeast and Xenopus nuclear genes ( Table 1 ).
The sequence of the wheat mitochondrial 18S rRNA gene has recently been determined (21) and is very similar (97%) to that of the same gene in maize. Our alignment length criterion would give a similarity of 99.8% In contrast, rRNA genes of bovine, mouse and human have 81 to 89% similarity by alignment length (Table 1) . A reasonable estimate of the time since divergence of the major mammalian taxa is about 80 million years (44) . In the evolution of the subfamilies of grasses, the time of divergence is not known but it seems likely that the subfamilies that gave rise to wheat Since evidence for a high rate of divergence for mammalian mitochondria is strong, it becomes more reasonable to consider that the similarity between the plant mitochondrial sequences and eubacteria reflects a slower rate of divergence compared to the divergence between eubacteria and animal mitochondria. If one compares the rRNA sequences within the fungi, the extent of similarity between the mitochondrial sequences of yeast and Aspergillus is less (41%) than between E^ coli and maize mitochondria (64%) ( Table 1) . We propose that the rate of divergence for the 18S gene is slow in plant mitochondria.
In plants, animals and fungi, DNA transfer between nucleus and organelles or between organelles, has occurred repeatedly over long periods of evolutionary time (46) (47) (48) (49) (50) (51) . In maize, a segment of the chloroplast ribosomal gene cluster has been found in the mitochondria (50) . In spite of these indications, it appears from the comparison of sequences of small subunit rRNA genes, that the functionally equivalent genes have been independent in sequence evolution. In animals and fungi, there is no indication of exchange or DNA transfer between nuclear and mitochondrial rRNA genes, since the nuclear genes from diverse sources are much closer to each other than to their animal or fungal mitochondrial genes. If recombination or gene conversion were to occur between chloroplasts and mitochondrial genes in plant cells, the ribosomal genes of maize mitochondria would be more similar to that of maize chloroplast than to other chloroplasts. However, the sequence of the chloroplast 16S rRNA genes from maize (32), tobacco (33), Euglena (34) , and Chlamydomonas (35) are equally similar to the maize mitochondrial sequence (Table 1) (Fig. 8) .
Similarly, the maize nuclear rRNA gene is close to the nuclear rRNA genes of yeast and Xenopus and equivalent in similarity to the maize mitochondrial and maize chloroplast rRNA genes.
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